Human beings enjoy the flavor and stimulating activity of a cup of coffee without knowing that by doing so, they are part of a 'food web' and receive signals coffee plants build to improve their struggle for life. This review is centered in the first part on the purine alkaloid caffeine and its physiological role in the coffee plant's life cycle. Many of the thoughts and ideas presented here are plain speculation, because the real research revealing the secrets of plant physiology such as e.g. the formation of the coffee bean with all its ingredients, has just started. The recent achievements in molecular biology made it possible to tackle and answer new questions regarding the regulation of secondary metabolism in the coffee plant organs at selected stages of their development. Brazilian research groups have much contributed to the recent progress in molecular biology and physiology of coffee. Among them was Maro R. Söndahl, in commemoration of whom this article has been written. Thus, the second part reports on the very first steps Maro and I made together into a very new field of coffee, that is metabolite profiling. The outcome was amazing and gives an idea of the great potential of this technique to map in future the complex network of the coffee metabolom. Key words: Endosperm, flower, germination, metabolite profiling, purine alkaloid, perisperm.
Introduction
Prologue: Originally, the title intended for this review was 'The physiological role of alkaloids in coffee'. However, two facts induced me to abandon it. One is their multitude¹ and the other the still poor record in literature regarding their physiological role in plant life -of course, except for the prominent favorites caffeine and trigonelline. Thus, this review will be restricted more or less to the purine alkaloids.
However, I take the commemorative opportunity to report on one aspect of his last work Maro R. Söndahl initiated with me at the University of Zurich, which, quite unexpectedly, led to metabolite profiling. Finally, I should mention that the present article cannot be comprehensive. Therefore, the interested reader is referred to related reviews in this field (Ashihara and Suzuki, 2004; Kato and Mizuno, 2004; Mazzafera, 2004) . _____________ 1 In a wide sense 'alkaloids' may include -with the exception of free amino acids, of peptides and proteins -all organic compounds containing nitrogen and thus would comprise not only heterocycles such as e.g. derivatives of purines, pyrimidines or pyridines but also free and conjugated amines or amides as well as conjugated amino acids. To my knowledge there is no compilation in literature on this subject. Very remarkable, however, is the plethora of almost 40 volatile alkaloids so far detected in the green coffee bean and ranging from aromatic amines via pyridines and pyrazines to quinolines (Vitzthum, 1975; Holscher and Steinhart, 1995) .
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Concept and terms:
Almost 120 years ago, Ernst Stahl (1848 Stahl ( -1919 , Professor of Botany in Jena, Germany, formulated the concept of chemical defence as a result of animal/plant interactions. In 1888 he wrote (Stahl, 1888) : "Nobody doubts that plants developed morphological features towards animals during their struggle for life. This is especially evident by the great diversity of flower forms. In the same sense one should interpret the multitude of phytochemicals, namely, that the animal kingdom affected not only the morphology but also the chemistry of the plant." (translated from German 2 ). Only 3 years later, the German Albrecht Kossel (1853 Kossel ( -1927 , who received in 1910 the Nobel prize of medicine (http://www.nobel.se/medicine/laureates/1910/index.html) for his work on the chemistry of the cell nucleus, introduced the terms 'primary' and 'secondary' metabolites (1891): "The chemistry should attempt to isolate those components which are present without exception in a protoplasma with developmental capacity, and to reveal the other cell components which are casual or not absolutely necessary for life.... I propose to designate these essential cell compounds as primary, whereas those, which cannot be found in every developmentally competent cell, as secondary." (translated from German 3 ). It has to be mentioned that Kossel was also the first who isolated theophylline from nature (Kossel, 1888 (Kossel, , 1889 )! Kurt Mothes (1900 Mothes ( -1983 , a pioneer in the field of plant secondary metabolism considered the formation and accumulation of alkaloids in first line as a lack of plants to excrete them -in contrast to animals. However, he accepts their ecological function in certain cases, where the avoidance by all predators is clearly recognized, e.g. Aconitum or Veratrum in alpine regions, but generally refuses utilitarian views when looking at the 'play of nature' (Mothes, 1965) . Indeed, at that time there was little scientific proof regarding the significance of secondary substances for plant life, not to speak of for the entire web of organisms. However, progress made with respect to their translocation, subcellular compartmentation, and allocation to the risk of predation, and last but not least insights into their specific targets in animal metabolism have led to a modern chemical approach to systems biology in which also the Homo sapiens has been included. There is no doubt, that secondary compounds greatly influence the human physiology and by interacting with receptors modify human performance and behavior as e.g. experienced by generations in the case of caffeine (Fisone et al., 2004; Cauli and Morelli, 2005) . (Rogers et al., 1999; Geromel et al., 2004; Melo and Mazzafera, 2004) regarding the perisperm-endosperm transition (see below) are very promising. Since, as outlined before, caffeine and its allies are by far the best investigated compounds in coffee, I will take them as an example to illustrate in the following their physiology through the coffee plant life, from germination via leaf formation and branching to flowering and seed production. Before going into details one should mention that the physiological role of alkaloids has two facets in general: One is allocation to the reproductive organs, i.e. flowers and seeds, eventually yielding the dispersal unit, the so-called diaspore (van der Pijl, 1982) , equipped with a genetically fixed, species-specific alkaloid pattern not immediately influenced by external factors. The other represents the dynamic and plastic events in the vegetative plant parts such as leaves, roots and shoots, greatly affected by and directed towards all kind of biotic and abiotic factors. Hence, alkaloids -or in a wider sense phytochemicals -help the individual to survive and the species to evolve. 
Purine alkaloids
Generally, they comprise on the one side the methylxanthines caffeine, theobromine, theophylline, and paraxanthine, and on the other side the methyluric acids theacrine, liberine, and methylliberine. However, we also should include the biosynthetic precursors of methylxanthines such as monomethylxanthines, methylated nucleosides or nucleotides. Moreover, one may expect many other methylated uric acids at very low concentrations.
Germination: It is perhaps the most critical event in a plant's lifecycle, not only because of a sudden exposure of the emerging seedling to competition, predation and diseases but also to the risk of an abrupt change of the physical conditions which had allowed the initiation of the germination process. With respect to their germination behavior, coffee seeds are intermediate meaning that they are cold-sensitive and show a certain degree of dormancy but only a partial desiccation tolerance (Ellis et al., 1990 (Ellis et al., , 1991 . A most intriguing fact is that only less than 0.1 % of total caffeine escapes from the seed during imbibition (Baumann and Gabriel, 1984) , most likely as the result of an effective diffusion barrier by cell wall-bound phenolics such as chlorogenic acids (Dentan, 1985) . However, the participation of high-affinity purine transporters cannot be ruled out. In essence, during imbibing of water the coffee bean avoids loss of, and simultaneously prevents autotoxicity by caffeine (Mösli Waldhauser and Baumann, 1996) -an act of balance certainly impaired by cryopreservation and possibly 'repaired' by postthawing osmoconditioning (Dussert et al., 2000; Dussert et al., 2003) . Seemingly, low-caffeine coffee species are better candidates for cryopreservation (Dussert et al., 1998) . It has to be shown whether this is also true for the arabica mutant laurina or the recently discovered caffeine-free mutant (Silvarolla et al., 2000; Silvarolla et al., 2004) . The caffeine barrier may also be of significance during diaspore dispersion (van der Pijl, 1982) as shown for the guaraná seed (Baumann et al., 1995) , where it efficiently prevents intoxication of the arildigesting toucans by resisting even to the conditions of the digestive tract. Coffee-dispersing animals (birds, mammals) swallowing the diaspore with or without the pulp would -in the absence of the 'caffeine shield' -suffer from intoxication, since the digestion-resistant endocarp is permeable for caffeine.
During the subsequent onset of germination of C. arabica which is optimal at 25-27°C and characterized by the emergence of the primary root, much caffeine is found outside the seedling, most likely as a result of a release through the primary root (Baumann and Gabriel, 1984; Aerts and Baumann, 1994) . Unfortunately, the mechanism and exact location of this event has never been studied in detail. Caffeine is like many other secondary compounds multifunctional and acts against a wide array of organisms in a very specific manner (table 1) .
The role of caffeine exudation by the root could be explained by its allelopathic effect knocking out competing seeds or young seedlings in the vicinity of the germinating bean (Ransom, 1912a (Ransom, , 1912b . However, since this methylxanthine is rapidly catabolized by soil-borne microorgansims, it is unlikely to have such a distant effect. Speculatively, together with other excreted phytochemicals it rather helps the young seedling to establish and 'condition' the rhizosphere i.e. to create an optimum microbial and physical environment for plant development facilitating mycorrhiza formation and supporting the fight against 'underground attackers' such as nematodes. Germination -until the cotyledons are unfolded and fully expanded -lasts about ten weeks. During the first 2 to 3 weeks the primary root and the hypocotyl emerge from the seed, and the cotyledons have already started to invade and resorb the endosperm, a process finished after 5 weeks of germination. Clearly, the metabolites of the cellularized endosperm are shuffled via the apoplast into the cotyledons. Unfortunately, little is known about the related apoplastic transport, i.e. the extent of diffusion, the impact of transporters and not to speak of the regulating 'communication at the synapsis' between cotyledons and endosperm. Non-destructive probing of coffee beans and analysis of the subsequently emerging cotyledons revealed, that the latter are with respect to caffeine not more than a 'simple blot' of the endosperm (Baumann et al., 1998) . Thus, caffeine is neither degraded nor additionally formed during invasion by and development of the cotyledons. Also later in plant development, they seem to be metabolically cut off from the rest of the plant, most clearly seen in the liberio-excelsoid coffees, in which the newly formed foliage leaves start to transform caffeine into methylated uric acids (Petermann and Baumann, 1983) whereas the cotyledons preserve the caffeine until shedding, i.e. after several months after their development (Baumann et al., 1976) .
Foliage leaf development: After about 5 weeks the arabica leaf is fully expanded but with a leaf blade still soft and glossy. Two to 3 weeks later, the leaf has attained its maxi-T.W. BAUMANN mum dry weight and the now dull lamina its final rigidity. The entire development may be sectioned into the following stages: the quiescent bud, (b) emergence from the bud, (c) lamina expansion and mechanical strengthening, and (d) senescence. The time-course of formation and allocation of caffeine has been recently reviewed (Söndahl and Baumann, 2001) and is summarized as follows: Since the leaf primordia in the bud are mechanically protected by a resinous layer and two firm stipules, chemical defence by PuA is not very significant as can be recognised by a wide variation of alkaloid concentration from bud to bud. However, as soon as the leaflets develop and push apart the stipules, their concentration sharply increases and attains a level of up to 4 % with a decreasing coefficient of variation signifying that chemical defense by purine alkaloids has become a crucial and very stringent factor, when the soft leaflets are fully exposed to the physical and biotic environment. At that time, the activities of the involved methyltransferases exhibit a peak level and the velocity of caffeine biosynthesis (17,000 µg.day -1 .g -1 ) is highest. Interestingly, high caffeine formation rate is always accompanied by relatively high levels of theobromine as if the last methylation were rate limiting. During further expansion, enzyme activities decrease exponentially and caffeine formation slows down by a factor of 1,000. The caffeine concentration basically drops as a consequence of 'dilution by growth'. However, the absolute amount of caffeine increases steadily, because of low enzyme activities persisting throughout the entire period of leaf expansion (Mösli Waldhauser et al., 1997) . Simultaneously, the nutritional value of the leaf decreases while the mechanical strength of the leaf increases indicating altogether a fitness-orientated regulatory background. We should finally mention that during leaf development the chlorogenic acids are allocated in parallel to the purine alkaloids (Aerts and Baumann, 1994) . The activity of the key enzyme of phenylpropane synthesis, phenylalanine ammonia lyase (PAL), is very high in the young leaflets and decreases during the further expansion (Aerts and Baumann, 1994) , this coinciding with the time course of NMTs catalysing caffeine biosynthesis. The concerted formation of both the alkaloids (mainly caffeine) and chlorogenic acids (mainly 5-caffeoylquinic acid; 5-CQA) has a physiological significance: caffeine, which easily permeates through all kind of biological barriers, is physico-chemically complexed by 5-CQA and thus compartmented in the cellular vacuole in order to avoid autotoxicity (Mösli Waldhauser and Baumann, 1996) . However, these processes eventually result in a coffee leaf with a lamina in which these phytochemicals are not evenly distributed. Preliminary investigations (Wenger and Baumann, unpublished) revealed that both chlorogenic acids and purine alkaloids are considerably (Kihlman, 1977; McCready et al., 2000) Fungi fungistatic, reduces mycotoxin production not known (Buchanan et al., 1981) Plants inhibits germination, reduces growth not known; inhibits the formation of the cell plate, calcium? (Gimenez-Martin et al., 1968; Rizvi et al., 1981) Molluscs (snails & slugs) molluscicidal, reduces heart rate calcium release, increases the duration of action-potential plateaus? (Hollingsworth et al., 2002) Insects 4 disturbs developmental processes inhibits cyclic AMP phosphodiesterase (Nathanson, 1984) Mammals activates CNS, constriction of the cerebral blood vessels, increases lipolysis, positive inotropic binds to adenosine receptors (Nehlig, 1999) enriched at the leaf margin and sharply decrease in concentration towards the midvein. Conceivably, this phytochemical leaf architecture has an ecological significance: the leaf margin, a preferential site of insect attack, is particularly well furnished with these defence compounds. If the margin is cut away, caffeine biosynthesis is induced and after formation of xanthine, theobromine, etc., a new 'phytochemical margin' is established. However, the induction of chlorogenic acid biosynthesis after wounding has not been studied. Is the phytochemical architecture of the leaf genetically fixed, or in other words, do mutants exist with an inverse alkaloid distribution? Based upon the free mobility of purine alkaloids through all kind of barriers (except the diaspore surface) and the in situ complexation by chlorogenic acids, we may hypothesize that caffeine and its allies are distributed within the plant to the extent of CGA formation and accumulation. Thus, the allocation pattern of the latter may govern the direction and the rate of caffeine fluxes within the coffee plant. Since the complexor concentration is highest in the newly formed organs e.g. in the young leaves and internodes (Zheng and Ashihara, 2004) as well as in young fruits, it may explain the observed translocation of caffeine in the xylem sap (Mazzafera and Goncalves, 1999) , from old to young leaves or from the pericarp into the developing seed (Baumann and Wanner, 1972) . However, active transporters for purines (Gillissen et al., 2000; Burkle et al., 2003) may accelerate long distance displacement of caffeine.
Leaf senescence: It is not yet clear to which extent the arabica plant recovers the caffeine nitrogen from the senescing leaf.
In his pioneering studies, Weevers analysed leaves of various age collected from plants in the greenhouse in Amsterdam and noticed a decrease of the caffeine content by 50 % at the most (Weevers, 1907) . However, leaf longevity and seasonal variation of greenhouse conditions may explain the discrepancy between 'adult' and 'old' simply as a result of different life histories. Since caffeine-degrading microorganisms are expected to be part of the plant surface as well as of the endophytic microflora, all reports dealing with degradation or with the time-course of the caffeine concentration in aging leaves must be considered with caution, unless the absence of endophytes was proven and other microbial interferences were excluded. In our own studies (Huber and Baumann, unpublished) we were not able to find distinctly lower caffeine levels in shed arabica leaves even when yellow! Of course, substantial degradation of caffeine occurs in liberio-excelsoid coffee leaves even when young (Petermann and Baumann, 1983; Mazzafera et al., 1994; Mazzafera, 2004) .
Flowering: Despite much research done on the metabolism during coffee flower development, see e.g. (Vasudeva and Gopal, 1977) , the aspect of purine alkaloid allocation is to our knowledge not yet mentioned in literature. I can report here solely on a few analyses we did on petals, stamens and the gynoecium in arabica flowers at anthesis: All these flower parts contained caffeine as main purine alkaloid, around 3000 nmol.g -1 FW in petals and gynoecium, and around 7000 nmol.g -1 FW in stamens. Whereas the gynoecium had a large fraction of theobromine (10 to 20 % of caffeine) and nil theophylline, the other organs had remarkably high theophylline values, that is 4-12 % of caffeine and less than 1 % theobromine, indicating that in petals and stamens (and pollen) caffeine is synthesized via theophylline like in Citrus (Stutz, 2001 ). If we combine all the data available on purine alkaloids in flowers of 'caffeine plants', that is from literature (Suzuki, 1985; Ashihara, 1990, 1993; Tretyn et al., 1994; Kretschmar and Baumann, 1999; Lin et al., 2003; Weckerle et al., 2003; Naef et al., 2004; Jin et al., 2005) and from our own, not yet published studies (Stutz, 2001) , one may conclude the following: (a) Species with high alkaloid levels in leaves and axes such as Coffea arabica, Paullinia cupana, Camellia sinensis exhibit relatively high concentrations in all corolla parts, whereas (b) species with very low alkaloid concentrations in the vegetative parts such as Citrus spp, Poncirus trifoliata, Murraya paniculata, Theobroma cacao, T. grandiflorum, Cola humilis and perhaps also Tilia cordata, allocate the alkaloids within the flower exclusively to the stamens; staminodes if present are alkaloid-free. It has to be mentioned that also the nectar, as far as analyzed, contains purine alkaloids. Does the pattern in (b) signify an efficient and specific chemical defence of the male sex against pollen robbery and/or the favoring of certain pollinators such as honey bees not only tolerant against (Detzel and Wink, 1993) but also preferring purine alkaloids (Singaravelan et al., 2005) , known to improve insect performance (Ishay and Paniry, 1979) ? Since the average alkaloid concentration in both leaves and flowers is very low, one may speculate that in these species leaf purine alkaloid accumulation is likewise restricted to specific sites such as e.g. the wax layer or idioblasts.
Fruit and seed development: After blossom fall, the remaining ovary develops, under favorable conditions, without delay into the young, rapidly growing green coffee bean which, due to high investments, is protected against predators by several means: The fruits are inapparently clustered in the leaf axil; both chlorogenic acids and purine alkaloids are highly T.W. BAUMANN concentrated in the pericarp, and finally, the development of the true, nutrient rich endosperm is postponed in favor of a 'maternal bean' (Carvalho et al., 1969) , made out of perisperm and reaching in arabica within 3 to 4 months after anthesis almost the size of the true bean . Seemingly, the mother avoids the 'parental conflict' (Barton et al., 1984; Haig and Westoby, 1989) by establishing a placeholder, the 'perisperm bean', and by this acts like a handicapper decreeing several parameters: The size of the cavity for the latter endosperm bean, the amount of phosphate to be used (West et al., 1995) , the velocity of embryo differentiation (Borisjuk et al., 2004) , i.e. the pathways of sugar-signaling by a specific sugar pattern (Rogers et al., 1999; Geromel et al., 2004) , the amount of carbon (energy) sources for development and last but not least, the extent of chemical defence by allocation of secondary compounds or their precursors such as e.g. quinic acid (Rogers et al., 1999) . Clearly, the endosperm -invading the perisperm from the adaxial pole and literally resorbing it -has its own biosynthetic capacities and in addition gets metabolic support by the pericarp. Therefore, the endosperm is not a simple 'blot' of the perisperm as it has been shown at least for caffeine during the endosperm/cotyledon transition (Baumann et al., 1998) . Nevertheless, the metabolites have to be shuffled via the apoplast, generally furnished with a remarkable armada of hydrolytic enzymes. Presumably, the metabolic passage from perisperm into endosperm is besides simple diffusion a highly regulated translocater-assisted process, firmly coordinated with on-the-spot synthesis as well as with import from other sources. It is one of the most intriguing tasks of the coffee research to explore all the metabolic and regulatory events finally culminating in a coffee bean furnished with a cocktail of substances yielding a pleasant and unique mix after roasting. Now, back to caffeine! Its final amount and concentration in the true bean is the result of (a) acquisition from the perisperm, (b) intrinsic biosynthesis as shown by tracer experiments (Keller et al., 1972) and enzymatic studies (Mazzafera et al., 1994; Mizuno et al., 2003) , and (c) import from the pericarp as demonstrated by doubly labelled caffeine (Baumann and Wanner, 1972) . It may well be, that the extent of (a) and (c) is governed in essence, as outlined above, by the allocation of chlorogenic acids. Hence, the regulation of the pathways of these depsides is of key importance. Mazzafera's group recently showed by RT-PCR, that all the genes coding for chlorogenic acid synthesis are strongly expressed during endosperm development and gradually decline towards maturity (Melo and Mazzafera, 2004) . The concentration of chlorogenic acids was, as expected, highest at the youngest stage. With respect to the time course of caffeine accumulation in the developing fruit, I refer to the work of (Keller et al., 1972; Marraccini et al., 2001 ).
Metabolite profiling
Maro R. Söndahl, to whom this issue is dedicated, was much concerned about coffee quality and especially about the question whether classical breeding could negatively influence the coffee metabolom, such as introducing new compounds as compared with arabica, the 'standard of excellence'. Since at that time (1998) no reports existed on this subject, we firstly decided to established a sophisticated, highly reproducible HPLC system, just in order to separate in one run as much metabolites as possible, and to determine the quantity as well as the UV spectra of all of them. Coffee beans from seven entities (species, varieties, or interspecific crosses) were extracted and analysed. More than 100 UVabsorbing substances per sample could be resolved and absolutely or, if unknown, relatively quantified. The data were analysed using a correlation program and essentially yielded the following new insights, which were neither intended nor expected: (1) Trigonelline negatively correlated with caffeine, i.e. high caffeine values were accompanied by low trigonelline values and vice versa, indicating a close but competing linkage of the two pathways. This reminds on the hypothesis of Kremers postulating a common origin of both caffeine and trigonelline in the coenzymes NAD/ NADP (Kremers, 1954) . With the today knowledge one could extend the link further to the poly(ADPribose) metabolism (Berglund, 1994; De Block et al., 2005; Diefenbach and Burkle, 2005) . Of course, the competition for methyl groups is more obvious and less speculative. (2) Caffeine correlated not with 5-CQA, but highly with minor chlorogenic acids primarily including di-CQAs. This finding contradicts somehow the general opinion of 5-CQA being the most important caffeine complexor (Horman and Viani, 1972; Mösli Waldhauser and Baumann, 1996) . Additionally, a close look to the data revealed that the minor chlorogenic acids altogether were in molar equivalence to caffeine as if they were physically engaged in the complex without participating at the equilibrium with 5-CQA. Or in other words, each caffeine molecule seemingly has a minor CQA, most likely a di-CQA companion, which may be involved either in the 1:1 complex or in the transport of caffeine to its location, or in both. During endosperm maturation the content of di-CQAs is adjusted: In its final phase their amount drops in arabica in relation to the other CQAs (De Menezes, 1994) . Much more pronounced is this process in the caffeine-free C. pseudozanguebariae, where at the beginning of endosperm development diCQAs account for 25 % of all chlorogenic acids and completely have 'disappeared' when mature (Bertrand et al., 2003) . Are the di-CQAs in arabica and robusta protected from degradation because they form with caffeine and by the help of the two caffeoyl residues a stable, sandwich-like complex? Or, since the di-CQAs have not a good reputation regarding the aroma, one could ask the other way around: Does the bean caffeine only feel well in bad company? The half-caffeine laurina with a normal 5-CQA (Carelli et al., 1974) , but a reduced minor CGA content is famous for its excellent aroma (Söndahl et al., 1995; Le Pièrres, 2001 ). Thus, the sensational discovery of the caffeine-free arabica mutant (Silvarolla et al., 2004) 
